The rapid refolding dynamics of apomyoglobin are followed by a new temperature-jump fluorescence technique on a 15-ns to 0. 
A compact molten globule state has been proposed as an early protein-folding intermediate in many cases (1) , but its initial formation from the unfolded state during refolding has not been directly observed. Slower (>l-ms) kinetic phases of protein folding, leading from the molten globule state to the native state (2) or from the unfolded state to the fully native state directly (3, 4) , have been resolved by stopped-flow techniques. The nanosecond to sub-millisecond time scale, in which the earliest global protein-folding motions are expected to occur, is not easily accessible by these techniques.
Recently, optically induced ligand unbinding in cytochrome c (5) and rapid mixing techniques (6) have been used to monitor folding dynamics on a sub-millisecond time scale. The helix-coil transition in peptides and unfolding of myoglobin (Mb) (7) , and the unfolding of RNase A (8) have been monitored by infrared absorption after a temperature jump (T-jump). This very early regime has also been accessed by NMR line shape measurements (9) and can be reached by electron-transfer-induced folding (10) . Finally, the microsecond T-jump technique developed by Eigen and coworkers (for review, see ref. 11 ) has been applied to folding experiments starting with cold-denatured barstar (12) .
Theoretical models currently under discussion address various issues of early folding. A general principle that has emerged is that of "minimal frustration": a free-energy funnel to the native state provides enough (perhaps just enough) smoothness to balance the natural roughness of the folding free-energy surface expected for a heteropolymer, thus allowing fairly efficient folding (13) . Depending on the relative location of the transition state, the glass-like transition, and the roughness and sloping of the free-energy surface, this scenario has been played out analytically and in simulations in many limits, including direct two-state folding, collapse to folding intermediates with varying amounts of secondary and tertiary structure, and kinetic traps (14) (15) (16) (17) . One certainty is that, at least transiently, the protein must pass through a compact ensemble of states while folding.
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To investigate early folding events in globular proteins, we have developed an apparatus that allows us to monitor the T-jump-induced refolding dynamics of small proteins. It 
EXPERIMENTAL METHODS
Outline. The heart of the experiment is shown in Fig. 1 (18) . Purity of the apomyoglobin (apoMb) was verified by UV-visible spectroscopy to exceed 99%. Concentrations of apoMb were determined as described (19) . All 
STEADY-STATE RESULTS
We have chosen horse apoMb (h-apoMb) for our first experiment because a wealth of information on its cold denaturation (21) , CD (22) , millisecond folding dynamics (2), structure (23) , molten globule states (24) , and fluorescence properties (25) is available. Our cold denaturation data on h-apoMb are similar to the results obtained by Nishii and coworkers (22 (27, 28) . In certain cases, this is the cause for observed nonexponential behavior in the presence of only one Trp residue (28) . Using known bimolecular quenching rates of Trp (27) , our kinetic modeling using the rate model of Van Gilst and coworkers (28) indicates that the major contribution to fluorescence changes in h-apoMb comes from Trp-14 (A helix) and that its lifetime and quenching are most substantially affected by (H helix), whose side chain is in van der Waals contact with the Trp ring (Fig. 3) .
The kinetic modeling of Trp quenching includes rates for fluorescence, reversible bimolecular quenching by specific residues, and a background quenching rate (solvent and remainder of protein) (27, 28) using structural parameters for holo-Mb. In h-apoMb, Trp-7 is predicted to be heavily quenched (short lifetime) by neighboring Glu-6 and Gln-8 residues and shows no specific quenching outside the A helix; Trp-14 is weakly quenched by Ala-15 and Val-13 residues but (Fig. 4) support the modeling. Wild-type sperm whale apoMb has fluorescence properties that are very similar to those of h-apoMb (no differences in the critical residues described above). The Trp-7 -> Phe-7 sperm whale mutant in Fig. 4 (Fig. 5C ). An "initial" or "unfolded" fluorescence profile,fl, and a "final" or "compact" profile, f2, are generated from data before and long after the T-jump; a linear least-squares fit then reconstructs the data at intermediate times from the fj by fitting their two amplitudes, A1
andA2. The fraction X2 = A2/(A1 + A2) is plotted as a function of time delay. X2 is not very sensitive to residual amplitude fluctuations and mostly correlates with the shape (i.e., lifetime) of the fluorescence decays as they progress from colddenatured to compact/native-like.
The kinetic behavior is typically as follows. Before the T-jump, X2 -0; within the next probe pulse (-15 ns), X2 rises instantaneously to 0.8-0.9. This is followed by a rise of a few microseconds to X2 -1. The instantaneous change is nearly identical to a control experiment with free Trp or acetyl-Trp (Fig. 6) . We assign it purely to the temperature dependence of the emission (local motion and population effects) rather than any <15-ns global folding motion. This is also verified by fluorescence lifetime measurements of h-apoMb at -8°C and 10°C in the presence and absence of denaturants ( Fig. 4 ; Steady-State Results). Fig. 2) . These data will be discussed in detail below. Fig. 6B ) to a -9 A native C"-C" separation. This is in agreement with the expectation that the A-G-H complex of apoMb would be the earliest structure to form in the folding process, based on amide proton NMR protection data (2) . This collapse rate is slightly faster than expected from recent experiments by Eaton and coworkers (5, 6) , which yielded diffusional collision times of residues in cytochrome c near 40 p,s in the presence of denaturants. There are two points of view when comparing our results with theirs. The expected smaller roughness of the free-energy surface under their strongly denaturing conditions would point toward 40 ps being a lower limit on the collapse time; on the other hand, the shallower funnel under their denaturing conditions would point toward 40 us being an upper limit. In any case, both numbers are close to the expected purely diffusional time constant, which should be of the same order as the collapse time for formation of a compact state. Our measured smaller time constant indicates that the A-H "collision" in apoMb occurs somewhat faster than expected from simple diffusion of a chain in a solvent, perhaps due to "bootstrapping" of the polypeptide chain by non-native hydrophobic contacts.
If the microsecond phase in Figs. 5 and 6 indeed leads from a largely unfolded coil to a more compact state with substantial native-like contacts in the A-G-H complex, one would expect a significant Kramers (i.e., diffusional) dependence of the rate on viscosity even at low viscosities (unless a convective motion "burrowing" through the solvent were involved). Ansari and coworkers (31) have measured the viscosity dependence of the structural rearrangement rate of folded Mb after photolytic detachment of CO. Their observed rearrangements are relatively small in scale compared with those during refolding, but they are globally distributed over the protein, particularly near the heme pocket. In the 0.7-to 3-cP viscosity range, their rate for conformational rearrangement in folded Mb is viscosity independent, whereas it decreases rapidly at higher viscosities. Their data are well-fitted by a modified Kramers expression that includes an internal protein friction term o,, such that the rate is proportional to (r + r1)-1, where r) is the solvent viscosity (31, 32).
We have measured the folding rate at 3.5-cP viscosity using 3 M glycerol/water solutions (33) of h-apoMb (Table 1 ). The resulting fit to a 17-ps kinetic phase is shown in Fig. 6 The process in Figs. 5 and 6 is, therefore, due to solventexposed-most likely large-scale-motions of the protein backbone as it collapses to a compact state and not due to small-scale changes dominated by self-friction of a protein that has already largely excluded its aqueous environment. This is also supported by the CD data in Fig. 3 Table 1 ). On a logarithmic scale (B) covering six orders of magnitude in time, the baseline-subtracted fluorescence transients are shown from -10 ps to +490 PL (with respect to the T-jump as marked; pH 5.9, 3-10-4 M protein). The T-jump is followed by an "instantaneous" phase and a 5-to 7-ps phase reaching the steady-state fluorescence. Individual transients (15- 
